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INTRODUCTION
The Persistent Scatterer Interferometry (PSI) technique (Ferreti et al., 2000 (Ferreti et al., , 2001 , introduced in the late 1990s, has proven to be an effective tool to measure surface displacement from which numerous disciplines have benefited. For instance, successful terrain deformation estimates have demonstrated the usefulness of this technique for a wide range of applications related to tectonic (Vilardo et al., 2010; Funning et al., 2007; Lanari et al., 2007; Bürgmann et al., 2006; Musson et al., 2004) and volcanic activity (Hooper et al., 2004 (Hooper et al., , 2007 , landslides (Bovenga et al., 2012; Bovenga et al., 2006; Hilley et al., 2004; Colesanti et al., 2003) , land subsidence caused by groundwater pumping (Heleno et al., 2011; Bell et al., 2008; Stramondo et al., 2007; Tomás et al., 2005) and mining (Jung et al., 2007; Colesanti et al., 2005) , or urban planning (Cigna et al., 2012; Crosetto et al., 2008; Vallone et al., 2008) .
PSI is an advanced Differential Interferometric Synthetic Aperture Radar (DInSAR) technique based on data acquired by spaceborne SAR sensors. The standard DInSAR techniques exploit the information contained in the radar phase of at least two complex SAR images acquired at different times over the same area. PSI techniques implement suitable data modelling procedures that make the estimation of different parameters possible. This estimation is based on appropriate statistical treatments of the available redundant DInSAR observations. Remarkable improvements are achieved using PSI techniques with respect to the standard methods. PSI offers wide area coverage associated to a relatively high spatial resolution, which allows monitoring an entire metropolitan area, thus obtaining a global outlook of the deformation phenomena, while keeping at the same time the capability to measure individual structures and buildings. Another main advantage of PSI is its high sensitivity, of the order of 1 mm/year, to small deformations. Besides, this technique exploits periodic and relatively low-cost spaceborne data acquisitions and this remote capability allows obtaining a potential reduction in the amount of ground-based observations, achieving simplified logistics operations and reducing personnel time and costs. Additionally, an unmatched capability is given by the ability to measure past deformation phenomena, which makes possible to study ground motions that occurred in the past and for which no other survey data are available. This is possible by using the huge SAR image archives, which in case of ERS starts in 1991.
The main products generated by the PSI technique are the deformation velocity maps and the deformation time series. The deformation velocity maps show the average displacement rates during the observed period and allow a fast identification of areas of motion that might be of interest. After the areas of interest have been identified, a subsequent in-depth analysis might be performed using the second product, the time series of deformation, which provide information on the temporal evolution of the displacement and allow an exhaustive analysis of the motion history for a given period of time. This is key information to identify potential causes of deformation, e.g. by analysing the time series with respect to the schedule of underground construction works, the lowering of a water table, etc.
As mentioned above, one of the major advantages of PSI is its high spatial resolution, which is given by the resolution of the satellite imagery used in the analysis. The finer resolution of the X-band imagery captured by the sensors on board the TerraSAR-X and COSMO-SkyMed satellites allows single man-made structure monitoring due to the increase in sampling density. It is worth emphasising that the actual PSI spatial sampling capability, and hence the PSI deformation measurement capability, is usually much lower than the resolution of the original SAR imagery. In fact, PSI deformation measurements can only be achieved for the points where PSI phases maintain good quality over time, i.e. for the Persistent Scatterers (PSs).
Due to the high quality of interferometric phases and high sensitivity of X-band to subtle displacements, the PSI observations are highly influenced by the thermal expansion of the imaged objects. Although thermal expansion is also perceptible in C-band PSI studies, this phenomenon is usually evident on time series of single PSs, while with X-band PSI, thermal expansion is evident over large sets of PSs, whose high spatial density makes possible the analysis and interpretation of the thermal expansion signal of single objects like buildings, bridges, etc. (Monserrat et al., 2011) . Measurement of deformation caused by thermal expansion is possible because with shorter wavelengths (λ = 3.1 cm in X-band, 5.6 cm in Cband) the sensitivity to Line-Of-Sight (LOS) displacements is increased together with the capability of detecting very low displacements rates.
The thermal component of a given interferogram shows the displacement caused by thermal expansion, which is a consequence of temperature differences in the imaged area between two SAR acquisitions. Although this is an interesting feature of PSI, which can be used to illustrate the high sensitivity of X-band PSI to very subtle displacements, this phenomenon can have a strong impact on the deformation velocity map if not properly handled during the PSI data processing and analysis. In fact, the effects can be remarkably severe if a limited number of images is used in the analysis and the observed period is relatively short (e.g. shorter that a year). Several authors have reported thermal deformation in their linear velocity estimates (Fornaro et al., 2013; Monserrat et al., 2011; Reale et al., 2011; Crosetto et al., 2010; Gernhardt et al., 2010; Zhu and Bamler, 2010; Eineder et al., 2009; Adam et al., 2008) .
In this paper, an extended PSI model which includes a phase component to capture the displacements related to temperature changes is described and discussed. Besides, several case studies illustrating parameter estimability and the consequences if the thermal component is not properly handled during the PSI processing and analysis are presented and discussed.
THE EXTENDED PSI MODEL
The approach used to handle the thermal expansion phase component is briefly outlined in this section. The proposed approach involves further developing the standard twoparameter PSI model (e.g. see Biescas et al., 2007) with a third unknown parameter called the thermal expansion parameter (Monserrat et al., 2011) , which is estimated for each analysed PS. The map obtained from plotting this parameter for all PSs of a given area, hereafter called thermal map, provides interesting information on the thermal behaviour of the observed scene, especially of buildings and infrastructures.
The new model is more accurate than those used in the standard PSI techniques because it explains the behaviour of PSI observations using three components, and hence three unknown parameters, instead of two: (i) the linear deformation velocity, which is related to the temporal baselines of interferograms; (ii) the Residual Topographic Error (RTE), related to the perpendicular baselines of interferograms; and (iii) the thermal expansion parameter, which is related to the average temperature differences at the time of acquisition of the images.
The main input of the procedure is a stack of wrapped interferograms, I k , with k=1,…,N, from which only pixels with a good interferometric phase quality, usually in terms of the amplitude dispersion criterion (Ferreti et al., 2001) , over the whole set of interferograms are selected. The selected pixels are then connected by edges, computing the phase difference of each edge e and obtaining a vector of N differential interferometric wrapped phases k e ∆Φ , where k indicates the interferogram number.
The core of the procedure consists in estimating the three unknowns of the extended model over each edge: where ∆v e , ∆RTE e and ∆Th e are the three unknowns which correspond to the differential velocity, RTE and thermal expansion parameter associated to the edge e; ∆T It is worth emphasizing that the estimability of the above three unknown parameters depends on the so-called network of available SAR images and the generated interferograms. Specifically, it depends on the number of available images and the range of distribution of the following three properties: the dates of acquisition of the images, the perpendicular baselines, and the temperature of the scene at the time of acquisition of the images. For a detailed description of the standard and extended algorithms see Biescas et al. (2007) and Monserrat et al. (2011) , respectively.
ANALYSIS OF PSI PRODUCTS
As mentioned above, thermal expansion can have a strong impact on the deformation velocity maps if not properly handled during the PSI data processing and analysis. The consequences of applying the standard PSI model can be severe, as demonstrated in the following case studies. Figure 1 shows a thermal map estimated from 28 TerraSAR-X images (Table 1) . Positive values indicate that positive temperature gradients induce displacement toward the SAR, while the negative ones cause displacements away from the SAR sensor. Note that these values refer to the SAR LOS. The behaviour shown by the railway station building mainly corresponds with thermal expansion in the horizontal direction: the centre of the roof of the building remains stable, i.e. there are not displacements associated with temperature changes, while an opposed movement in the longitudinal direction of the structure is evident with values ranging from -0.5 to 0.5 mm/ºC of temperature variation. This means that a temperature variation of 20ºC, a typical value between summer and winter in Barcelona, induces LOS displacement of up to 10 mm in this building. This case study corresponds to a successful estimation of the thermal and deformation components of the interferometric phases.
However, Figure 2 illustrates the consequences of performing a standard PSI analysis when an extended analysis is required. In this case, 16 COSMO-SkyMed images (Table 1) Finally, the deformation velocity map shown in Figure 3 , and resulting from a PSI standard analysis, exhibits a gradient over the warehouse under observation. This is a typical example of "virtual deformation" shown by a deformation velocity map, which is in fact due to horizontal thermal expansion of the observed industrial building: the authors know that neither the warehouse nor the terrain where it is located suffer deformation phenomena. In this case study, 13 TerraSAR-X images covering the period December 2007 to September 2009 were used. The short period of observation together with the small number of images and the decision of performing a standard PSI analysis cause the deformation velocity map to be affected by the deformation caused by thermal expansion.
CONCLUSIONS
An extended PSI model including a phase component to capture the displacement related to temperature changes has been described and discussed in this paper. Several case studies illustrating the application of PSI standard and extended analyses to Very High Resolution (VHR) TerraSAR-X and Cosmo SkyMed SAR images have been presented. The case studies concern different buildings located in the metropolitan area of Barcelona (Spain) and the deformation velocity and thermal maps of these structures have been shown.
The results demonstrate that, if the thermal component is not properly handled during the PSI processing and analysis, the deformation caused by thermal expansion is wrongfully incorporated within the deformation velocity maps. Therefore the importance of carrying out extended PSI analyses to avoid unexpected and potentially misleading results. Additionally, a strategy to estimate the deformation velocity maps without thermal interferences could be to restrict the PSI analysis to the PSs associated with object showing a negligible thermal expansion. In this regard, the "vertical component of thermal dilation" of buildings can be easily filtered by eliminating all PSs above a given elevation (with respect to a digital terrain model), i.e. above a given threshold using the Residual Topographic Error (RTE). This strategy can be useful to perform PSI analyses over short periods of time. Further work is needed to investigate the potential applicability of this strategy.
